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Abstract 
 There is a pressing need for miniaturized power systems for a variety of 
applications requiring a long life in the field of operations.  Such power systems are 
required to be capable of providing power for months to years of operation, which all but 
eliminates battery technologies and technologies that bring their own fuel systems 
(except for nuclear fuel systems, which have their own drawbacks) due to constraints of 
having the all of the chemical fuel necessary for the entire life of the operational run 
available at the starting point of the operation.  Alternatively, harvesting energy directly 
from the local environment obviates this need for bringing along all of the fuel necessary 
for operation.  Instead, locally available energy, either in the form of chemical, thermal, 
light, or motion can be harvested and converted into electrical energy for use in sensor 
applications.  The work from this LDRD is focused on developing a thermal engine that 
can take scavenged thermal gradients and convert them into direct electrical energy. 
 The converter system is a MEMS based external combustion engine that uses a 
modified Stirling cycle to generate mechanical work on a piezoelectric generator.  This 
piezoelectric generator then produced an AC voltage and current that can be delivered 
into an external load.  The MEMS engine works on the conversion of a two phase 
working fluid trapped between two deformable membranes.  As heat is added to the 
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system, the liquid working fluid is converted to a gas, which exerts pneumatic pressure 
on the membranes, expanding them outward.  This outward expansion continues after the 
heat input is removed when the engine is operated at resonance, since the membrane is 
expanded further due to inertial forces.  Finally, the engine cools and heat rejection is 
accomplished through the membranes, closing the thermodynamic cycle.  A piezoelectric 
generator stack is deposited on one of the membranes, and this generator extracts the 
strain energy work from the membrane expansion and generates electrical work. 
 The overall system is pulsed by an electrical heater to generate the input heat 
pulse.  Currently, the system has a resonant frequency that is in the low kilohertz regime, 
but operations under a dynamic damping have demonstrated operation at resonance and 
the existence of an open mechanical cycle of heat addition, expansion, and heat rejection.  
Power generation of direct thermal-to-electrical conversion show a 1.45W, 6mJ heat 
pulse can generate a 0.8µW power output pulse, and continuous operation generates a 
sustained power output of 0.8µW at 240Hz.  Future improvements in the device will 
allow active heat rejection, allowing resonance with external damping to improve the 
thermal to electrical power efficiency. 
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Introduction  
This LDRD was used to fund the research of a graduate student, Scott Whalen, at 
Washington State University.  The research was on the development of a miniaturized 
heat engine that would use waste heat from a primary system to generate small amounts 
of electronic grade power.  The principle of operation of this engine was to use a two 
phase (liquid and gas) working fluid trapped between two deformable membranes in a 
cavity.  During the addition of heat, the ratio of gas to liquid within the working fluid 
would increase, and the expansion of the gas would deform the membranes outward from 
the cavity.  The restoring force from the membranes provided a compression stroke for 
the engine after heat was removed, forcing the gas back into a liquid phase by forcibly 
changing the volume, with the rejected heat being removed from the system through a 
contact to a heat sink.  These expansion and contraction cycles would be converted into 
electrical power through a series of piezoelectric elements printed on the membranes and 
wired to an external circuit.   
 The student worked on this project for three years as part of his PhD.  During this 
time, several papers were published which detailed the operation of this engine in terms 
of efficiency of operation and comparisons to an idealized stirling cycle for this engine.  
This report summarizes the major findings of the work.  A more complete treatment of 
the work can be found in the literature publications from this work.1 2 3 
 
Background 
There is a pressing need for high energy density micro power generation systems.  
The energy densities of existing electrochemical batteries are too low (around 1 kJ/g) to 
sustain the power needs of MEMS devices for long periods.4An attractive alternative to 
batteries are hydrocarbon fuels, currently the most successful means to transport and 
store energy compactly.  A typical liquid hydrocarbon fuel holds around 50 kJ/g in its 
chemical bonds.5  However, the development of a micro-scale device that can efficiently 
convert this chemical energy into useful electrical power is challenging.  Among the 
micro-scale concepts to generate electrical power using the chemical energy of 
hydrocarbon fuels now being explored are fuel cells, static heat engines and dynamic heat 
engines.   
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On the macro-scale, dynamic heat engines have achieved greater success than either 
fuel cells or static heat engines.  This success is largely due to dynamic heat engines 
being more fuel flexible than fuel cells and having achieved higher conversion 
efficiencies than static heat engines.  For these reasons, a variety of designs for micro-
scale dynamic heat engines have been advanced.  These include a gas turbine (Brayton 
cycle) engine,6 7 a micro rotary internal combustion (Otto cycle) engine8 and a micro heat 
engine based combustion driven reciprocating liquid piston (Otto/Diesel cycle)9.  All of 
these dynamic heat engines are internal combustion engines. 
Work at Washington State University has been directed toward the development of a 
MEMS power system based on a dynamic heat engine that is driven by an external heat 
source, the P3 micro heat engine10.  Since micro-manufacturing methods excel at 
producing many identical copies of two-dimensional structures, the engine design is a 
modular, two-dimensional architecture.   The P3 micro engine produces electrical power 
by employing a three-part strategy.  First, thermal power is conducted into the P3 engine 
from an external heat source.  Second, thermal power is converted to mechanical power 
through the expansion and compression of a two-phase working fluid.  Third, mechanical 
power is converted into electrical power through the use of a thin-film piezoelectric 
generator. 
In this summary, the design and fabrication of a prototype P3 micro heat engine is 
briefly described. A complete treatment may be found in previous work.1 Special 
attention is paid to the key component of the engine, the piezoelectric membrane 
generator.  Finally, the results of a study to characterize the operation of the micro heat 
engine and its membrane generator are presented. For the first time, the production of 
electrical power by a dynamic micro heat engine is demonstrated.      
 
Fabrication 
A prototype unit-cell heat engine is fabricated of three components: a silicon 
membrane with thin-film piezoelectric generator, a middle spacer in which the engine 
cavity is defined, and a silicon membrane with resistance heater.  A two-phase mixture of 
the working fluid fills the engine cavity. The piezoelectric material used in the thin-film 
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membrane generator is lead zirconate titanate (PZT).  Figure 1 shows a cross-section of a 
prototype engine. 
 
 
Figure 1: Cross section of the P3 microengine.  The cavity is formed by facing thin silicon nitride 
membranes. 
 
Micro Heat Engine Characterization Results 
Dynamic characterization of the micro heat engine is performed by electrically 
pulsing the resistance heater on the engines heater membrane to periodically heat the 
two-phase working fluid.  A square wave with a controllable frequency, pulse width, and 
voltage amplitude is used to energize the heater.  The frequency of the square wave 
determines the engines cycle speed.  The temporal width of the square wave determines 
the length of the heat addition process in the engine cycle.  The voltage amplitude of the 
square wave determines the heat transfer rate or thermal power into the engine.    
The engine was operated using a square wave with a pulse width of 1 millisecond and 
voltage amplitude of 3.2 volts.  Based on a heater resistance of 1.7 ohms, the average 
power delivered by the resistance heater was 1.45W.  The thermal energy delivered to the 
engine during each heating pulse was 6.02 millijoules.   
The electrical output of the membrane generator was measured as the micro heat 
engine was driven over a range of frequencies.  Figure 2 shows the open-circuit peak-to-
peak voltage produced by the membrane generator as a function of the engine cycle 
frequency.  The plot shows a resonant peak with the resonant frequency of the micro 
engine seen to be near 240 Hz.  
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Figure 2: Generator output as a function of frequency.  A resonant mode is visible at 240 Hz. 
 
The interferometer was used simultaneously to measure instantaneous heater 
membrane deflection at equal phase angle intervals of 22.5 degrees (0.26 millisecond 
time intervals) over the working cycle.  Employing the static pressure-deflection curve 
calculated previously, the dynamic engine pressure was determined.    Figure 3 shows the 
result.  Engine pressure is seen to range from a minimum of 26 kPa to a maximum of 38 
kPa.   
Note that the peak of the membrane generator voltage trace lags the peak of the 
engine pressure by approximately one millisecond.  A one millisecond time lag in a 4.2 
millisecond engine cycle represents a phase lag of just under 90 degrees.  Since the 
voltage produced by a membrane generator is a monotonically increasing function of 
membrane deflection, the peak in voltage must coincide with the peak in membrane 
deflection.  As a result, the peak membrane deflection lags the peak engine pressure by 
about 90 degrees as expected for resonant operation of the micro heat engine. 
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Figure 3: Pressure response in the cavity as a function of time after a heat pulse. 
 
The power produced by the prototype micro heat engine can be determined by 
dissipating the electrical output from the membrane generator across a load resistance.  A 
decade resistance box is used to match the generator impedance.  Figure 4 shows the 
power produced versus load resistance.  A peak power of 0.8 microwatts is seen at a load 
resistance of 14 kilohms. 
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Figure 4: Power output from the piezoelectric generator as a function of external load.  Peak power 
is 0.8uW, delivered at an external load of 14kOhms. 
 
Conclusions 
The design, fabrication and testing of a micro heat engine has been presented.  The 
design is well suited to photolithography-based batch fabrication methods, and is unlike 
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any conventionally manufactured macro-scale engine.  The prototype micro heat engine 
is an external combustion engine, in which thermal power is converted to mechanical 
power through the use of a novel thermodynamic cycle. Mechanical power is converted 
into electrical power through the use of a thin-film piezoelectric membrane generator. 
Facilities developed to characterize the performance of the piezoelectric membrane 
generators and the micro heat engines have been described.  The results of a study to 
characterize the operation of the micro heat engine and its membrane generator have been 
documented.  For the first time, the production of electrical power by a dynamic micro 
heat engine has been demonstrated.  The student at Washington State University has 
published numerous papers on various aspects of this work, and these papers can be 
found in the literature.1 2 3 
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